genotoxicity tests, and it was able to induce a broad spectrum of genotoxic effects, including gene mutations, chromosomal aberrations, sister chromatid exchange and unscheduled DNA synthesis 4 .
At present, due to the increasing of world population, there is a growing demand for edible oil. The refining process is inevitably becoming the most essential step adopted by oil processors for producing edible oil with improved taste, appearance and keepability for fulfilling the surging demand. Physical refining is extensively used in the palm oil industry. It involves degumming, bleaching and finally steam distillation, in which free fatty acids and other volatile components are distilled off from the oil using an effective stripping agent usually steam under reduced pressure and elevated temperature 5 . Unfortunately, 3-MCPDE and GE are mainly formed during this high-temperature deodorization step, although some formation might also occur at other stages of refining. According to Pudel et al. 6 , degumming and bleaching treatments reduce the formation of 3-MCPDE and GE during deodorization. Conversely, others findings show that acidity from phosphoric acid during the degumming process and acid-activated bleaching earth play a significant role concerning the generation of 3-MCPDE and GE 7, 8 . It is believed that the acid sites that carried over from the phosphoric acid and acid-activated bleaching earth will render the protonation of acylglycerol which will then favor the formation of 3-MCPDE and GE under the presence of chloride. On the other hand, Schurz 9 and Shimizu et al. 10 reported the use of high-performance acid-activated bleaching earth on the reduction of 3-MCPDE and GE, respectively. This led to a different conclusion regarding the effect of acidity of bleaching earth on the formation of these process contaminants. Refined palm oil is the major dietary source of both 3-MCPDE and GE, as it is widely used as a common ingredient or medium in various food products 11 , especially infant formulas 12, 13 . Thus, it is crucial to have more knowledge about the effects of precursors and processing on the formation of the esters. With this critical issue in mind, Doptimal design was opted to evaluate the formation of 3-MCPDE and GE in the palm oil physical refining process. This method enables a more comprehensive study on the effects and interactions of different degumming and bleaching treatments on their formation with a reduced number of experimental sets. Moreover, crude palm oil CPO quality parameters were examined to investigate the relationship of minor components such as free fatty acids FFA , diacylglycerols DAG and monoacylglycerols MAG as the putative precursors for 3-MCPDE and GE formation.
EXPERIMENTAL

Materials
The standards, 1,2-Dipalmitoyl-3-chloropropanediol PP-3-MCPD , glycidyl palmitate Gly-P , pentadeuterated 1,2-dipalmitoyl-3-chloropropanediol PP-3-MCPD-d5 and pentadeuterated glycidyl palmitate Gly-P-d5 were purchased from Toronto Research Chemicals Inc., North York, ON, Canada . Phenylboronic acid of purity ≥ 97.0 was purchased from Fluka Shanghai, China . All other chemicals and reagents were of analytical grade. CPO was obtained from Sime Darby Golden Jomalina Sdn. Bhd. Teluk Panglima Garang, Selangor . Acid-activated bleaching earth acidic pH and neutral pH and natural bleaching earth were provided by PT. Clariant Adsorbents Indonesia Bogor, Indonesia .
Laboratory-scale re ning
Approximately 100 g of homogenized CPO were degummed and bleached in a 250 mL three-neck flask with a stirrer and heating mantle equipped with a temperature probe under a nitrogen blanket. The CPO was heated to 90 before 0.50 mL of 20 w/w phosphoric acid was added for degumming for 10 min. Subsequently, bleaching was performed at 105 for 20 min with a 1 dosage of bleaching earth to obtain bleached palm oil BPO . Without any delay, the mixed hot oil containing bleaching earth was filtered into a pre-heated 500 mL Buchner flask through the appropriately sized Buchner funnel using Whatman No.1 filter paper. An aliquot of 90 g of the BPO sample was collected for the deodorization process at 260 for 20 min to obtain refined bleached and deodorized RBD palm oil in a 250 mL three-neck flask that was connected with a vacuum pump Woosung Vacuum Co. Ltd., Incheon, Korea . After deodorization, the RBD palm oil was then cooled to a temperature of 60 under vacuum conditions before it is kept frozen at 18 for analysis.
Design of experiments
The effects of the phosphoric acid percentage X 1 and different types of bleaching earth X 2 on the 3-MCPDE and GE levels of RBD palm oil was evaluated and modelled by using D-optimal design. Both degumming and bleaching processes on Standard Quality I CPO were studied concurrently using three phosphoric acid dosages 0 -2.5 w/w and three different bleaching earths at levels of 1 w/w, namely natural bleaching earth NBE , acid-activated bleaching earth acidic pH AAA and acid-activated bleaching earth neutral pH AAN .
D-optimal design was made up of 16 experimental runs with three factorial and four center points Refer to Table  3 . Design Expert version 6.0.6 Stat-Ease, Inc., Minneapolis, MN USA were used to analyze data for all experimental runs with the level of significance set at a 95 confidence level. F-test, ANOVA, and lack of fit test were used to eval-uate the adequateness of the models and the overall predictive capability of the model was elucidated by the coefficient of determination R 2 .
The experimental results in this study were analyzed using the MINITAB statistical software Version 14, Minitab Inc., PA, USA . All data were expressed as the means standard deviations of duplicate analyses. A one-way analysis of variance ANOVA at the 5 significance level was used to determine significant differences p 0.05 between the means.
Determination of 3-MCPDE and GE by using GC-MS
The determination of 3-MCPDE and GE in CPO and RBD palm oil was carried out according to AOCS Official Method Cd 29a-13 14 . This is an indirect method that is based on the conversion of GE into 3-monobromopropanediol 3-MBPD monoesters in an acidic solution containing bromide salt. The solution then undergoes acidic-catalyzed transesterification, extraction and discarding of the fatty acid methyl esters FAME followed by derivatization of free diols MCPD and MBPD with phenylboronic acid PBA prior to GC-MS analysis. A quantitative analysis of the phenylboronic derivative of 3-MCPD and 3-MBPD compounds on an Agilent Technologies 7890A gas chromatograph coupled with a quadrupole Agilent 5875C mass selective detector and data processing system Santa Clara, California, USA was carried out by monitoring quantifier ions at m/z 147 and m/z 150 of 3-MCPD and its isotopically labelled internal standard 3-MCPD-d5 , respectively. Ions at m/z 196, 198 3-MCPD and m/z 201 3-MCPD-d5 were used as qualifier ions. For GE, quantifier ions at m/z 147 and qualifier ions at m/z 240 were monitored for phenylboronic derivatives of 3-MBPD; whereas for phenylboronic derivative of 3-MBPD-d5, the quantifier ion and qualifier ions were at 150 and 245, respectively. Both 3-MCPD and 3-MBPD contents were determined from a matrix-based calibration graph that was constructed by plotting the ratio of the amount of standard to the amount of internal standard on the x-axis against the ratio of the corresponding peak areas on the y-axis. Ions at m/z 147 3-MCPD or 3-MBPD and 150 3-MCPD-d5 or 3-MBPD-d5 were used for quantification. The method was validated based on several parameters: limit of detection LOD , limit of quantitation LOQ , precision and recovery. Both the LOD and LOQ were determined by using the signal-to-noise ratio method. The precision of the method was evaluated by measuring three concentration levels in the low 0.5 mg/kg -PP-3-MCPD; 1.2 mg/kg -Gly-P , medium 2.0 mg/kg -PP-3-MCPD; 4.0 mg/kg -Gly-P and high 5.0 mg/kg -PP-3-MCPD; 7.1 mg/kg -Gly-P regions, prepared in three replications, of the analytical range of the study. The recovery, precision RSD and repeatability were determined from this data set. The recovery was calculated as follows:
Percent Recovery
Conc.of spiked sample Conc.of unspiked sample Theoritical Conc.of spiked sample 100
The linearity of response was evaluated between 0-5.2 mg/kg for PP-3-MCPD and 0-11.9 mg/kg for Gly-P, prepared and injected in triplicate.
Acylglycerol composition analysis using HPLC
Analysis of triacylglycerides TAG , diacylglycerides DAG , monoacylglycerides MAG of CPO were performed using Alliance e2695 Separation Modules High performance liquid chromatography HPLC Waters, USA coupled with an evaporative light scattering ELS 2424 detector Waters, USA . The samples were prepared by adding 5 w/v oil in acetone. The samples were filtered through 0.47 μm micron nylon filters fitted through a syringe. An aliquot of 10 μL of sample was injected into a Purospher 
Oil quality analysis
The FFA levels, carotene content and deterioration of bleachability index DOBI for CPO were conducted according to MPOB test methods 15 . All analyses were performed in triplicate, and the mean values and standard deviations are reported.
pH measurement of bleaching earth
The pH values of the bleaching earths were determined using a method as described in literature 16 . A portable pH meter/mV meter Sartorius AG, Goettinger, Germany was used to measure the suspension of 2 by weight bleaching earth in deionized water that has undergone 30 min constant stirring by magnetic stirrer.
Physical Characterization of bleaching earth
The surface morphologies of the bleaching earths were analyzed using a field emission scanning electron microscope FESEM FEI Quanta SEM Model 400 F equipped with an energy dispersive X-ray EDX feature. The nitrogen isotherms were measured with the Thermo Finnigan Sorptomatic 1990 series nitrogen adsorption/desorption analyzer which was carried out at the temperature of 77 K. The pore volume and area were calculated using the Barett-Joyner-Halenda BJH method 17 .
RESULTS AND DISCUSSION
3.1 Impact of CPO quality on the formation of 3-MCPDE and GE CPO is usually sorted into different grades according to their FFA contents. In this study, four different grades of CPOs, namely Premium Quality PQ , Superior Quality SQ , Standard Quality I SQ I and Standard Quality II SQ II were subjected to a laboratory-scale physical refining process, as described in section 2.2. The quality characteristics of CPO, including their 3-MCPDE and GE contents, were examined and compared, as shown in Table 1 . For monitoring purposes, AOCS Official Method Cd 29a-13 was validated in-house for quantitation of 3-MCPDE and GE in palm oil The positive validation results in terms of sensitivity, reliability, recovery and precision proved that the method is reliable and suitable for the routine monitoring of 3-MCPDE and GE in palm oil refer to Table 2 . 3-MCPDE and GE were not detected in CPO from all qualities, except that trace amounts of 3-MCPDE were found in the worst grade of CPO, namely SQ II CPO. On the other hand, all RBD palm oil was found to contain both 3-MCPDE and GE. This clearly indicates that high deodorization temperature is one of the main culprits for the undesirable formation of 3-MCPDE and GE. RBD palm oil from SQ II CPO contains the highest level of 3-MCPDE and GE, followed by SQ I third-grade CPO , and SQ secondgrade CPO , whereas PQ first-grade CPO has a significantly low level of 3-MCPDE and GE p 0.05 . Similar trends were observed for FFA contents. FFA is commonly recognized as the main indicator of CPO quality, where the higher the FFA contents, the poorer the quality. DOBI is another good quality indicator for the oxidative status of CPO, as well as its ease of refining. A low DOBI value in CPO is undesirable because it might lead to poor oil bleachability and keepability. This result shows that poor quality CPO has a high tendency towards 3-MCPDE and GE formation due to the intrinsic components present within 18, 19 .
FFA, DAG and MAG are widely known as the by-products of enzymatic hydrolytic degradation of TAG by lipases, 29 . Another finding also shows that amounts of DAG exceeding 4 in crude oil will result in higher amounts of esters after heat processing, and this phenomenon is exceptionally apparent for GE 21 23 . Although the direct correlation between DAG and GE levels is hardly concluded by comparing between RBD palm oil from different CPOs in this study, we observed that the higher DAG content in CPO makes oils more susceptible to 3-MCPDE and GE formation upon deodorization. MAG may be a potent precursor for the formation of esters, however, due to its very low level in palm oil 0.3 24 , and it is known to be significantly removed during oil degumming 21 and volatilized during high temperature deodorization, MAG will not be considered as a critical factor involved in the formation 3-MCPDE and GE. The occurrence of 3-MCPDE and GE on the RBD palm oil derived from MAG-absence CPO i.e., SQ and PQ CPO reiterates the hypothesis.
3.2 Effects of degumming and bleaching on the reduction of 3-MCPDE and GE Palm oil is commonly refined by physical refining due to its high efficiency, high yield and relatively small environment impact. Physical refining is a continuous processing comprising a two-step operation of pre-treatment, namely degumming and bleaching processes, followed by deodorization. The deodorization step is well known as the main factor contributing to the undesirable formation of 3-MCPDE and GE. However, it is worth noting that degumming and bleaching processes may positively or negatively influence their formation under different conditions 25 . Table 3 shows the responses of D-optimal design, namely 3-MCPD Y 1 , glycidol Y 2 and carotene content Y 3 of RBD palm oil. The 3-MCPD response was significantly fitted to reduced quadratic polynomial models p 0.05 , and the other two responses were fitted to cubic responses. The ANOVA results of the final reduced models, the p-value of significant terms, the lack of fit test, the F-test and the determination coefficient R of the responses are shown in Table 4 . .07 a For factor X 2 , NBE: Natural bleaching earth; AAN: Acid activated bleaching earth (Neutral pH); AAA: Acid activated bleaching earth (Acidic pH). b LOQ for GE = 0.20 mg/kg c 0% acid represents water degumming at levels of 1% (w/w) water of 3-MCPDE and GE during further processing 26 . Water degumming significantly reduced the 3-MCPDE from 1.14 mg/kg to 0.59 mg/kg, which is a percent reduction of nearly 50 , as depicted in Fig. 1 a . Water is believed to remove the precursors that may involve the formation of 3-MCPDE, especially the chlorinated compounds that are polar in nature. Polar chloride substances were demonstrated to be the main source of chloride ions for the formation of MCPD esters in palm oil, although it still remains unclear whether it was due to their higher abundance in the oil or their greater reactivity 27 . The chlorinated compounds may decompose under high deodorization temperatures into hydrogen chloride gas and react with acylglycerols to form 3-MCPDE 28 . Conversely, this phenomenon is not obvious for GE, as shown in Fig. 1 b . This finding corroborates with the other authors, who reported that the 3-MCPDE level is significantly influenced by chlorine content but not on the generation of GE 29, 30 . The GE content is exceptionally low when 2.50 of phosphoric acid was added during the dry degumming process together with the auxiliary effect of acid activated bleaching earth during the bleaching process. This can be explained by the instability of GE that tends to degrade under acidic solutions due to its reactive epoxide binding structure 2, 31 .
Effects of degumming on the reduction of 3-MCPDE and GE The degumming process generally results in a reduction
3.2.2 Effects of different types of bleaching earth on the reduction of 3-MCPDE and GE The bleaching process lessens the formation of 3-MCPDE and GE during deodorization 6 . Bleaching earth is the most commonly-used adsorbent in the bleaching process due to its low cost but relatively high absorption performance for color pigments. In the studies, three types of bleaching earth were used. As shown in Table 5 , NBE has the highest pH value, and AAA has the most acidic pH. According to Ramli, Siew, Ibrahim, Hussein, Kuntom, Abd. Razak and Nesaretnam 8 , there are positive correlations between the acidity of bleaching earth and the levels of 3-MCPDE in oils, where the higher the acidity is, the greater the formation of 3-MCPDE, regardless of the type of degumming acid or water degumming . Thus, the author recommended the use of natural bleaching clays or acid activated clays with a more neutral pH as a possible avenue for processing CPO with lower 3-MCPDE. In addition, HED, Johansson and Mellerup 32 also reported that acid activated bleaching earth may favor the formation of 3-MCPD compounds, whereas with the use of neutral bleaching earth may effectively reduce the amount of GE and at the same time keep the 3-MCPDE at low concentrations. Contrary to the expectation, our findings showed that AAA exerts a significant effect on 3-MCPDE reduction compared with NBE and AAN p 0.05 , as depicted in Fig. 1 a . AAA gives a much higher adsorption capacity and better performance than NBE after acid activation treatment. As shown in Table 4 , AAA possesses the highest average pore volume and pore size. The FESEM images, as shown in Figs. 2 a -c , also illustrate that AAA and AAN have rough surfaces compared with NBE, which has uniform smooth surfaces, supporting the fact that acid treatment enhances the structural and surface properties of bleaching earth 33 . Bleaching earth with greater pore volumes yields the best adsorption capacities 34 36 . Thus, it is believed that the particular precursors that are responsible for 3-MCPDE formation are being adsorbed from BPO prior to deodorization 9 . Moreover, the carotene content in BPO constitutes additional supporting evidence that types of bleaching earths elicited larger effects than the degumming process, wherewith AAA was observed to remove most of the carotenes while NBE retained most of the carotenes, as shown in Fig. 1 c . Carotenoid is postulated as one of the oil-soluble chlorinating agents that will induce the formation of 3-MCPDE by bringing chloride ions close to the lipids, resulting in chlorination through reaction with acyloxonium ions 37 . Therefore, it is important to note that the performance of the bleaching earth is the key determinant for 3-MCPDE removal rather than its acidity. The effect of the acidity of the bleaching earth on 3-MCPDE formation is compensated by its high adsorption capacity. On the other hand, GE was almost completely removed when acid-activated acidic pH bleaching earth was used after the degumming process with 2.50 phosphoric acid. Shimizu et al. 38 also reported the thorough removal of GE by treating the oil with acid activated bleaching earth. Instead of through adsorption, the elimination of GE was mainly through the modification of GE into their respective glycerol compounds and trace amounts of free glycerol and fatty acids. The possible mechanisms were proposed to occur by epoxide ring opening of GE to form glycerol monoester by a reaction with water under acidic conditions and subsequently by interesterification reactions between the glycerol monoesters to generate simple acylglycerols and free glycerol. 
Formation of 3-MCPDE and GE during Physical Refining
Conclusion
The CPO quality influences the tendency of 3-MCPDE and GE formation in RBD palm oil. This signifies the crucial role of the composition of the CPO on the potential of ester formation during the refining process. By applying good manufacturing practices and by keeping the time period between harvesting and palm fruit milling as short as possible, the CPO should be able to arrest the rise of partial acylglycerols and free fatty acids in the CPO and keep them to a minimum. Water degumming is able to significantly reduce 3-MCPDE by removing the potent precursors that might be involved in the formation, most notably polar chlorinated compounds. GE was almost completely removed when acid-activated bleaching earth was used after the high dosage of phosphoric acid 2.50 in the degumming process. The elimination of GE was believed to take place via structural modification of GE into their respective glycerol compounds under acidic conditions, due to its reactive epoxide binding structure. Moreover, acidactivated bleaching earth had a greater effect on 3-MCPDE reduction compared with natural bleaching earth, indicating that the performance of the bleaching earth is the key determinant for 3-MCPDE and GE removal rather than its acidity level.
